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Abstract
Basal heat shock protein (HSP) expression and the HSP response to stress in skeletal
muscle are reduced during diabetes. However, it remains unknown if HSP expression is
impaired during the pre-diabetic state. Therefore, we determined if basal level or
exercise-induced elevations in HSP expression were attenuated by diet-induced insulin
resistance (IR). Twenty-eight male Long-Evans rats (n=7/group) were subjected to 12
weeks of dietary (Western diet [WD] versus purified vegan diet [PD]) and physical
activity (exercise [25m∙min-1 for 35 min∙day-1, 3x/week] versus sedentary) intervention.
We hypothesized that basal HSP expression would be reduced in animals with IR. WD
groups developed IR independent of exercise. Exercise groups displayed a uniform
increase in HSP expression independent of IR (p<0.05). There was no association
between HSP expression and IR (r2=0.00). Our data indicate that HSP expression is
maintained during a state of IR and the HSP response may be protected by preemptive
exercise treatment.
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Chapter I
Introduction
Obesity affects over one-third of the adult population in the United States (Ogden
et al. 2014), making it a principal issue of concern for physicians and other healthcare
providers. Elevated obesity rates are likely attributed to poor dietary standards, increased
consumption of processed foods, excessive caloric intake in the form of a Western diet
(WD), and lack of commensurate increases in energy expenditure. Thus, obesity causes a
deleterious energy imbalance between nutrient availability and cellular metabolism,
ultimately resulting in elevated blood glucose, lipids, and compensatory insulin. This
perpetual state of hyperinsulinemia, hyperlipidemia, and hyperglycemia, often leads to
the development of insulin resistance (IR) (Boden 1997; Reaven 1988). Of primary
concern is the accumulation of blood glucose, which without proper intervention results
in mitochondrial dysfunction, oxidative stress, and activation of inflammatory signaling
pathways (Geiger and Gupte 2011). It is well documented that the primary tissue within
the body responsible for insulin-mediated blood glucose disposal is skeletal muscle
(Ferrannini et al. 1985; Katz et al. 1983). Therefore, much of the research pertaining to
treatment modalities of IR focus directly on the process of restoring skeletal muscle
insulin sensitivity. Of particular interest in the treatment of IR is a family of molecular
chaperones known as heat shock proteins (HSPs), which are shown to improve glucose
tolerance in high-fat diet (HFD)-induced insulin resistance (IR) models (Chung et al.
2008; Gupte et al. 2009a).
In skeletal muscle, HSPs are responsible for whole muscle adaptation in response
to stress via protein synthesis initiation (Kojima et al. 2007), homeostatic maintenance
1

(Lindquist and Craig 1988), restoration of mitochondrial energy balance (Gupte et al.
2009a), and inhibition of inflammatory signaling pathways (Gupte et al. 2009b; Meriin et
al. 1999; Park et al. 2001). In this regard, increased HSP expression is shown to attenuate,
or preclude, IR and restore insulin sensitivity in skeletal muscle (Gupte et al. 2009a;
Gupte et al. 2011; Hooper 1999). Specifically, induction of HSP72 prevents the
development of IR by inhibiting the inflammatory stress kinases (Gupte et al. 2009b;
Meriin et al. 1999; Park et al. 2001) and reversing the mitochondrial energy imbalance
(Gupte et al. 2009a) inherent to IR. However, it is important to note that endogenous HSP
expression appears to decline as IR progresses (Bruce et al. 2003; Chung et al. 2008).
Therefore, HSP expression must be induced by a highly stressful event, such as heat
shock. Thus, research pertaining to HSP-mediated attenuation of IR has focused
primarily on heat treatment as the primary catalyst for the HSP induction needed to
prompt a protective response (Chung et al. 2008; Gupte et al. 2009a; Gupte et al. 2009b;
Gupte et al. 2011; Hooper 1999). While this seems to be an effective treatment modality
for the maintenance of glucose tolerance and IR attenuation, little focus has been placed
on other known inducers of HSP expression such as exercise (Locke and Noble 1995;
Puntschart et al. 1996) and dietary intervention (Gupte et al. 2009b).
Exercise is one of the largest and well-known inducers of HSPs in skeletal
muscle, specifically increasing expression of the HSP70 family (Locke and Noble 1995;
Puntschart et al. 1996). More specifically, both eccentric resistance training (Armstrong
1990; Holwerda and Locke 2014; Lewis et al. 2013; Murlasits et al. 2006; Paulsen et al.
2007; Thompson et al. 2001) and endurance exercise (Locke 1997; Locke et al. 1990;
Milne and Noble 2002) are shown to induce HSP expression in a volume- and intensity-
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dependent manner. The physiologic burden of exercise is thought to activate the primary
HSP transcription factor, heat shock factor 1 (HSF-1) (Sarge et al. 1993). Once activated,
translation of heat shock elements (HSEs) up-regulate HSP70 messenger ribonucleic acid
(mRNA) leading to increased levels of cytosolic HSP content (Locke and Noble 1995;
Locke et al. 1995). While the effect of exercise on HSP expression is well established in
the literature, little has been done in terms of diet-induced HSP expression. Gupte et al.
began exploring this idea via supplemental antioxidant treatment (lipoic acid) in rats fed a
HFD (Gupte et al. 2009b). Lipoic acid supplementation increased HSP72 expression and
HSP25 activation in the soleus muscles of rats fed a HFD (Gupte et al. 2009b). The
increases in HSP72 and HSP25 were shown to inhibit inflammatory signaling, as well as
improve insulin signaling via phosphorylation of Akt/Akt and activation of p38, MAPK,
and AMP-activated protein kinase (Gupte et al. 2009b). Conversely chronic ingestion of a
HFD, and the development of IR, are shown to reduce basal HSP levels in skeletal
muscle (Chung et al. 2008). As the ingestion of a HFD reduces basal HSP expression,
while antioxidant supplementation can increase HSP expression, it is plausible that a
purified diet high in antioxidants may modulate overall HSP content in skeletal muscle.
Exercise and dietary intervention are often used as a primary treatment modality
for IR, but little evidence exists as to whether these interventions improve glucose
tolerance through an HSP-mediated response. Determining whether HSP expression is
involved in successful attenuation or reversal of IR via exercise and diet may provide
novel targeting strategies for future clinical applications. Therefore, the purpose of this
study was to compare the effects of chronic exercise, a standard WD, and a purified
vegan diet (PD) on HSP expression and IR in rats. It is important to note that the PD was
3

adapted from the plant-based Daniel Fast, which is characterized by ad libitum intake of
oils, nuts, seeds, vegetables, whole grains, and fruit (Bloomer et al. 2010). In addition, the
Daniel Fast requires complete abstinence from all animal products, alcohol,
preservatives, additives, sweeteners, flavorings, processed foods, white flour, and
caffeine (Bloomer et al. 2010). We chose to mimic the Daniel Fast as this diet is shown to
elicit beneficial effects on blood pressure, blood lipids, oxidative stress markers, and
insulin sensitivity (Trepanowski and Bloomer 2010). We hypothesized that 12 weeks of
ad libitum WD feeding would lead to IR, while ad libitum feeding of a PD would
maintain insulin sensitivity. In addition, we expected a reduction in basal HSP expression
for the groups that developed IR, and that IR would impair chronic exercise-induced HSP
expression in comparison to insulin sensitive models.
Apart from assessing the direct role of HSP expression in the maintenance of
insulin sensitivity via exercise and diet, the results gained from this investigation were
expected to provide valuable insights for other diseases associated with faulty insulin
signaling. Thus, the therapeutic potential of HSPs may extend to maladies such as
cardiovascular and neurodegenerative disease. In summary, the data generated by this
investigation has direct clinical applications extending far beyond obesity and IR alone.
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Chapter II
Review of the Literature
Since 1980 worldwide obesity rates have more than doubled (WHO 2015),
making the condition a central topic of interest in clinical research around the globe.
Therefore, many investigators have focused on elucidating novel therapeutic targets
capable of treating, or reversing, obesity and its associated maladies. Of primary concern
is the development of IR, which often stems from chronic states of hyperglycemia,
hyperinsulinemia, and hyperlipidemia. Of particular interest is hyperglycemia, which if
left untreated can cause mitochondrial dysfunction, oxidative stress, and activation of
inflammatory signaling pathways (Geiger and Gupte 2011). As skeletal muscle is the
primary tissue for glucose disposal within the body (Ferrannini et al. 1985; Katz et al.
1983), much of the scientific effort pertaining to the preclusion or reversal of IR has
concentrated on the role of skeletal muscle in the maintenance of whole-body insulin
sensitivity. Interestingly, adaptive proteins known as molecular chaperones are shown to
play a pivotal role in maintaining or restoring glucose tolerance in skeletal muscle.
Cellular stress mediators, known as molecular chaperones, are a key component
of whole muscle adaptation. These proteins provide a host of intracellular interactions
responsible for the maintenance of internal homeostasis. Of upmost importance is their
ability to ensure the proper non-covalent folding, assembly, and degradation of other
proteins within the cell. In the absence of chaperoning activities, the functionality of
other intracellular proteins is effectively muted. Therefore, the optimal biological
capacity of an organism under stress is dependent upon proper intracellular chaperoning
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activities. Of particular interest is a family of molecular chaperones known as HSPs,
which are primary governors of cell stress and survival.
HSPs were originally distinguished by their role in the development of cellular
thermotolerance (Landry et al. 1982; Li and Werb 1982; Li et al. 1983; Mizzen and
Welch 1988; Yoshihara et al. 2013). Thermotolerance is the adaptive ability of a cell, or
tissue, to become resistant to subsequent bouts of heat stress after previous non-lethal
exposures to elevated temperatures. Therefore, early HSP research focuses primarily on
heat stress to instigate an elevated intracellular HSP response. However, further evidence
suggests that there is a wide array of stressors with the ability to up-regulate HSP
expression. For instance, HSP induction has been shown in response to all of the
following conditions: exercise (Locke and Noble 1995), dietary intervention (Gupte et al.
2009b), anoxia (Guttman et al. 1980), pH change (Weitzel et al. 1985), and oxidative
stress (Lee and Corry 1998). Conversely, some chronic stressors, such as the
inflammatory signaling seen in insulin resistance, are shown to negatively regulate heat
shock protein expression (Geiger and Gupte 2011).
Insulin resistance is often associated with increased oxidative stress, lipid
peroxidation, non-enzymatic glycosylation of end products, and stress kinase signaling
(Geiger and Gupte 2011).These homeostatic disruptions are thought to inhibit HSP
expression, which has been shown to contribute to the development insulin resistance
(Geiger and Gupte 2011). Interestingly, the induction of HSP expression via heat
treatment is shown to attenuate the severity of IR or reverse the progression of insulin
resistance (Chung et al. 2008). While heat treatment remains a viable treatment option for
restoring skeletal muscle HSP expression (thereby restoring insulin sensitivity), little
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focus has been placed on some of the other known inducers of HSPs mentioned
previously; namely exercise (Locke and Noble 1995) and dietary intervention (Gupte et
al. 2009b). Therefore, the purpose of this review is to provide a functional overview of
HSPs in skeletal muscle, and to explore the possible implications of dietary- and
exercise-induced HSP expression in the treatment of obesity and insulin resistance.
Heat Shock Protein Overview
Heat shock proteins were first observed in the salivary glands of Drosophila,
which produced a distinct “chromosomal puffing” pattern when exposed to elevated
temperatures (30°C for ~30min) (Ritossa 1962). Interestingly, these puffing patterns were
later found to be the primary mRNA transcription sites for heat shock protein synthesis
(Welch 1993). The combination of this puffing phenomenon, and increases in mRNA
transcription, (in response to heat) was termed the “heat shock response”. The nature of
this response ultimately lead the nomenclature of the newly synthesized proteins as heat
shock proteins (HSPs). HSP families are classified by their mass in kilodaltons (kDa),
ranging from the small HSP20 family (~20 kDa) to the larger HSP60 (~60 kDa), HSP70
(~70 kDa), and HSP90 (~90 kDa) families. It is important to note that common
alternative acronyms for the HSP20 family include: HSP27 (human) and HSP25
(animal). Common HSP70 family acronyms include HSP70 (animal), HSP70-1 (human
and animal), and HSP72 (human and animal).
As alluded to previously, the heat shock response is what enables the cell to alter
its protein transcription and translation to produce heat shock proteins. These stress
proteins are ultimately responsible for the alteration of cellular metabolism, the removal
of denatured proteins, and the adaptation of cells against future stressors (Morimoto
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1993). While the entire range of activities associated with HSPs remain unclear, the
proteins do have a variety of well-documented chaperoning activities within the cell. For
instance, HSPs are shown to: initiate the proper folding of developing cytosolic proteins,
modulate other regulatory proteins, shuttle proteins into organelles, build or undo protein
complexes, correct improper protein folding, and re-establish or remove denatured
proteins (Craig et al. 2003; Hartl and Hayer-Hartl 2002). With all of the critical cellular
tasks associated with HSPs, a better understanding of their initiation and regulation could
have a significant impact in the medical community.
Heat Shock Protein Regulation
Preliminary studies on the regulation of HSPs were accomplished by exposing
cells to high temperatures (40-45°C), effectively instigating the heat shock response. In
1992, Burel and his colleagues found that the heat shock response had three distinct
phases (Burel et al. 1992). The phases include: 1) a systemic decrease in cellular
transcription and translation, 2) an up-regulation in the transcription of HSP genes and
HSP buildup, and 3) normalization of cellular transcription and translation as cells return
to homeostasis (Burel et al. 1992). After completion of all three phases, cells affected
become resistant to subsequent bouts of thermal stress (Burel et al. 1992). This
development of thermotolerance was the initial evidence that sparked interest in the
adaptive and cytoprotective properties of HSPs (Landry et al. 1982; Li and Werb 1982;
Li et al. 1983; Mizzen and Welch 1988; Yoshihara et al. 2013). Follow-up research on
the underlying mechanisms of HSP regulation and synthesis elucidated a few key
components in cellular stress adaptation.
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HSP response and initiation are modulated by HSF-1 (Locke et al. 1995). HSF-1
is a transcription factor that acts as a promoter for HSP70 expression (Locke et al. 1995).
In its inactive monomeric state, HSP70 is bound to HSF-1(Shi et al. 1998; Zou et al.
1998). This monomeric state results in the inability for deoxyribonucleic acid (DNA) to
bind (no transcription), and persists as long as the cell remains in non-stressful
conditions. When the cell is exposed to stressful conditions, HSF-1 forms trimers, which
allow for the transcriptional activation necessary for HSP synthesis (Sarge et al. 1993).
The initiation of HSP transcription is a six-step process. Step one and two, as
described previously, are the trimerization of HSF-1 and its translocation into the nucleus
(Sarge et al. 1993). Step three occurs within the nucleus as heat shock elements (HSEs)
bind to HSF-1 trimers upstream of the heat shock gene promoter regions (Sarge et al.
1993). Step four involves the binding of DNA, which phosphorylates HSF-1, resulting in
transcription activation (Sarge et al. 1993). Step five and six enable repression of
transcriptional activity by binding HSPs to the HSF-1 activation domain (Sarge et al.
1993). This bond modulates the release of HSEs from HSF-1 and returns the transcription
factor to its monomeric state in the cytoplasm. Therefore, HSP activation and repression
are dependent on HSF-1 activity during the stress response. For the purpose of this
review, we will focus on the activity of two of the most pivotal HSP families, HSP70 and
HSP20.
Function of the HSP70 and HSP20 Families
HSP70, the most abundant and well-documented HSP family, is aptly named due
to its molecular weight (70-kDa). As with other HSP families, HSP70 has low basal
levels in an unstressed state (Donati et al. 1990). However, once a stress response occurs,
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HSP70 rises to levels unparalleled by other proteins within the cytoplasm (Tissiéres et al.
1974). This abundance is most likely due to the multi-gene regulation (10 separate genes)
of HSP70 (Mues et al. 1986). Increased levels of HSP70 are critical in terms of stress
mitigation, as the proteins are shown to exhibit a variety of cytoprotective functions
during stress response. Although little is known about the HSP20 family, it is shown to
elicit the same cytoprotective response. Specifically, the HSP20 family is thought to
stabilize microfilaments and aid in cytokine signaling transduction (Moseley 1997). A
guide to HSP function as classified by its respective family is shown below (Table 1).
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Table 1 - HSP Function by Family. Table adapted from (Moseley 1997)

Family, Size (kDA)

Primary Function

Location

HSP20, 27-28

Cytokine signaling transduction and
microfilament stability

Cytoplasm and nucleus

HSP40

Facilitation of protein folding,
regulation of ATPase activity,
responds to unfolded proteins

Cytoplasm, nucleus,
mitochondria, and endoplasmic
reticulum.

HSP60

Protein assembly

Mitochondria

HSP70, 70-73

Facilitation of protein folding and
protein translocation

Cytoplasm, nucleus,
mitochondria, and endoplasmic
reticulum

HSP90

Protein and organelle translocation,
receptor modulation

Cytoplasm, nucleus,
endoplasmic reticulum

HSP100-104

Facilitation of protein folding

Cytoplasm

Thermotolerance
Initial studies of HSP70 reveal its importance in the acquisition of
thermotolerance (Landry and Chretien 1983; Landry et al. 1982). To further correlate
HSP70 and thermotolerance development, investigators microinjected HSP70
monoclonal antibodies (Riabowol et al. 1988) and repressed HSP70 gene function
11

(Johnston and Kucey 1988) in cells exposed to heat. Both of these interventions lead to
lower survival rates post heat shock, confirming HSP70 has a direct relation to
thermotolerance development (Johnston and Kucey 1988; Riabowol et al. 1988). It is
important to note that the development of thermotolerance has also been shown in
humans. For instance, whole body heat acclimation (via exercising in a hot environment)
conferred thermal resistance and increased baseline levels of HSP72 in peripheral blood
mononuclear cells (McClung et al. 2008). Although the underlying mechanism behind
HSP70s ability to confer thermotolerance remains unclear, many believe that it stems
from the proteins chaperoning capabilities.
Chaperoning
As mentioned previously, a primary function of HSP70 is to act as a molecular
chaperone. Molecular chaperones are proteins, or protein complexes, that bind to the
hydrophobic surfaces of unfolded protein subunits and fold or translocate peptide chains
in the correct conformation to ensure proper function (Brodsky and Chiosis 2006). Along
with aiding in the proper function, binding to subunits also solubilizes any aggregate
proteins and prevents further protein accumulation (Mayer and Bukau 2005). HSP70
contributes to the proper folding through the establishment of hydrophobic bonds with
non-folded proteins (Morishima 2005), and transfers newly made proteins to other cochaperones or HSPs (members of the HSP40 and HSP60 family) (Heyrovská et al. 1998).
HSP70 prevents protein accumulation by acting as a carrier molecule for the transport of
other proteins into various cellular compartments (i.e. the endoplasmic reticulum)
(Matouschek et al. 2000). While chaperoning activities are of paramount importance,
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another critical function of HSP70 is the regulation of cell survival and apoptotic
signaling.
Cell Survival and Apoptotic Signaling Regulation
HSP70 modulates cell survival and apoptotic signaling during stressful cellular
conditions. This modulation occurs through the regulation of cell surface receptors and
secondary messenger systems, due to increases in signal transduction caused by protein
phosphorylation on threonine, serine and tyrosine residues (Anderson et al. 1990; Cooper
and Hunter 1983). The primary kinases responsible for the transmission of extracellular
signals to the cell are mitogen activated protein kinases (MAPK’s). MAPK’s signal
transmission typically results in cell differentiation, proliferation, stress adaptation, and
apoptosis (Meier et al. 1996; Suh 2002). Within the MAPK pathway, there are two stressactivated protein kinases: C-jun-NH2-terminal kinase (JNK) and p38 (Widegren et al.
2001). Phosphorylation of JNK activates the transcription factor c-Jun (Bang et al. 2000;
Zanke et al. 1996), which stimulates apoptosis and oncogenic transformation (Behrens et
al. 1999; Smeal et al. 1991). Heat shock mediated stress recruits both the Akt (prosurvival) and MAPK/JNK (pro-apoptotic) pathways (Bang et al. 2000; Zanke et al.
1996). Interestingly, HSP70 mediates the pro-apoptotic MAPK pathway by inhibiting the
activation of JNK (Gabai et al. 1997; Volloch et al. 1998). HSP70 has also been shown to
inhibit apoptosis via caspase dependent mechanisms by precluding apoptotic signaling
downstream of cytochrome c release, but upstream of caspase-3 activation (Li et al. 2000;
Mosser et al. 1997). This may be associated with HSP70’s ability to prevent the
recruitment of procaspase-9 to the apoptosome (Beere et al. 2000; Saleh et al. 2000). In
short, HSP70 acts to sustain cell survival by re-routing signaling from apoptotic pathways
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to cell survival pathways. Now that we have established the functional roles of HSPs, it is
appropriate to start looking at their response to other stressors such as exercise.
HSP Response to Exercise
HSPs, specifically the HSP70 and HSP20 families, increase transcription after
bouts of physical exercise (Armstrong et al. 1991; Armstrong 1990; Lappalainen et al.
2010; Lewis et al. 2013; Thompson et al. 2001). As physical exercise can be defined in
various ways, it is appropriate to mention that elevated HSP70 content is observed as a
result of both high-intensity endurance (Milne and Noble 2002) and resistance (Murlasits
et al. 2006) training. However, the HSP20 family appears to increase more frequently in
response to resistance training (eccentric) rather than endurance training (Folkesson et al.
2008). In any case, the discovery of exercise-induced HSP expression has driven research
to focus on identifying the underlying cellular mechanisms involved in transcriptional
regulation of the HSP70 gene during exercise. As mentioned previously, HSP70 is bound
to HSF-1 in unstressed states rendering it inactive (Shi et al. 1998; Zou et al. 1998). The
molecular stress imposed by exercise is thought to activate HSF-1 through trimerization,
translocation, and binding of HSEs (Sarge et al. 1993). Once activated, translation of
HSEs up-regulates HSP70 mRNA and leads to increased levels of cytosolic protein
content (Locke et al. 1995; Locke and Noble 1995). For instance, untrained individuals
performing 30 min bouts of exercise (at their anaerobic threshold) on a treadmill
increased HSP70 mRNA expression within four minutes post-exercise (Puntschart et al.
1996). Therefore, it is hypothesized that HSP70 may dissociate with HSF-1 in response
to exercise, allowing for the trimerization and transcription mentioned above. It is
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important to note, however, that exercise intensity and volume play a role in the levels of
HSP70 mRNA seen.
Effects of Exercise Volume on HSP70
The effects of volume (increasing the total amount of work performed) on HSP70
expression has not been consistently reported within the literature. For example, selective
breeding of mice for high voluntary running showed increases in HSP70 levels over 8
weeks after high volume wheel running (~2.6 times more revolutions/day than controls of
the same line) (Belter et al. 2004). Conversely, when non-selected lines were subjected to
a commensurate increase in wheel running volume, they showed decreased levels of
HSP70 expression levels (Belter et al. 2004). Collectively, this suggests that the process
of selective breeding, and subsequent physiologic adaptation for high activity wheel
running are the major contributing factors responsible for increased HSP70 expression,
not volume alone. Another study involving highly trained rowers suggests that an
increase in exercise volume causes elevated HSP70 expression, which declines as volume
decreases (Liu et al. 1999). It is important to note, however, that when exercise protocols
have equal volumes and differing intensities, varying levels of HSP70 expression are
attributed to the degree of intensity at which the exercise is performed (Liu et al. 2000).
Therefore, exercise intensity appears to be a more potent regulator of HSP70 expression
than volume. In any case, both high volume and high intensity exercise provide ample
stress to the body, indicating that the more stress incurred on the system, the greater the
stress response.

15

Effects of Intensity on HSP70
Numerous studies suggest a positive correlation between increases in HSP70
expression and the degree of intensity at which an exercise is performed (Liu et al. 2000;
Milne and Noble 2002; Puntschart et al. 1996). For example, cycling until exhaustion (at
63% peak O2 uptake) increased HSP72 mRNA approximately two-fold (Febbraio and
Koukoulas 2000). Interestingly, high-intensity strength training also shows higher levels
of HSP70 mRNA (~257% greater) than low-intensity endurance training (Liu et al.
2004). Also, the addition of heat to exercise bouts leads to potentiated increases in HSP70
expression, as compared to either stressor alone (Skidmore et al. 1995). Collectively, this
data further supports that the level of HSP70 expression, in skeletal muscle, is dependent
on the intensity of stress posed to the system.
Effects of Training Status on the HSP Response
Exercise-induced HSP response is dependent on the training status of the
individual. For example, Selkirk et al. show that the HSP response (reported as percent
blood HSP72 content), after exertional heat stress, is elevated in trained endurance
athletes compared to untrained controls (Selkirk et al. 2009). A similar study conducted
by Fehrenbach et al. shows that basal level HSP72 mRNA is higher in endurance trained
athletes, compared to untrained controls (Fehrenbach et al. 2000). Interestingly,
Fehrenbach et al. also observe that HSP27 mRNA is ~50% lower in endurance athletes
than untrained controls (Fehrenbach et al. 2000). Morton et al. show similar increases in
basal level HSP60 (statistically significant, P<.05) and HSP70 (not significant) content,
with a concomitant decrease in HSP27 (not significant) content, in aerobically trained
men compared to untrained controls (Morton et al. 2008). Morton et al. also observed
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increases in the level of HSP60, HSP70, and HSP27 content post-exercise in aerobically
trained individuals, although all findings were statistically insignificant (Morton et al.
2008). Detraining effects are also shown to decrease basal HSP levels. For instance, eight
weeks of abstinence from resistance training, after a pre-conditioning resistance training
protocol in the triceps brachii, revert basal level HSP27 and HSP72 back to values similar
to pre-training levels (Gjøvaag and Dahl 2006). Collectively, the data presented suggest
that regular exposure to high intensity exercise can provide a positive physiologic
adaptation in terms of basal level HSP content and concomitant increases in the HSP
response following bouts of exercise. However, this adaptation appears to favor the larger
HSP families (HSP60 and HSP70) in comparison to the smaller HSP27. While the
underlying causes for increased HSP70 transcription following intense exercise remain
unclear, it is possible that exercise co-factors play a key role in HSP synthesis.
Exercise Co-Factor Contribution to HSP70 Expression
Due to the nature of the biochemical stresses placed on the body during exercise,
it is not farfetched to conclude that HSP synthesis will up-regulate after bouts of intense
activity. While this contention is backed by numerous studies (Febbraio and Koukoulas
2000; Liu et al. 2000; Puntschart et al. 1996; Salo et al. 1991), the primary stressor
responsible for HSP70 synthesis during exercise is not known. Clues may lie in stressors
that affect both the body during exercise and provide the stimulus necessary for induction
of HSP70 synthesis. For example, increases in temperature, ischemia, acidosis,
intracellular calcium and oxidation all occur during exercise and serve as potent stimuli
for HSP70 synthesis (Hernández-Santana et al. 2014; Locke et al. 1995; Marber et al.
1993; Weitzel et al. 1985). Adenosine triphosphate (ATP) and glycogen depletion may
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also provide enough stress to instigate an increase HSP70 synthesis (ATP reduction
stimulates HSF-1 to HSE binding) (Benjamin et al. 1992; Ecochard et al. 2004; Febbraio
et al. 2002; Locke 1997). This evidence emphasizes that a variety of factors, in relation to
the stress posed by exercise, could play a role in HSP70 synthesis. It may be beneficial
for future researchers to focus on pinning down the primary stressors involved in elevated
HSP expression. Despite a lack of knowledge on the roles of individual mechanisms
responsible for HSP induction, it is clear that HSP expression increases significantly in
response to exercise.
HSP70’s Response to Muscular Damage
Intensive bouts of eccentric actions are extremely destructive to the sarcolemma,
sarcoplasmic reticulum, transverse tubules, and myofibrils, which can cause cell death
(Armstrong et al. 1983; Armstrong et al. 1991; Armstrong 1990). As this stress is
incredibly severe in skeletal muscle, many investigators have successfully identified an
association between eccentric exercise and increases in HSP70 expression. It is important
to note that increases in HSP70 expression only occurs in lengthening contractions, while
null effects are seen in shortening contractions (Holwerda and Locke 2014). For example,
there is a positive correlation between force generating capacity and increased HSP70
expression in humans following maximal eccentric exercise (Paulsen et al. 2007). The
previous data suggests that muscle damage, not contraction, is the primary inducer of
HSP70. There are several schools of thought as to why this initiation of HSP70
transcription occurs in response to muscular damage.
Some researchers hypothesize that the elevation of HSP70 expression is due to
damaged actin and myosin heavy chain proteins seen in muscle injury (Ingalls et al.
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1998), providing the need for chaperoning activities. Others assert that the observed
increases in HSP70 post eccentric exercise is a result of cell death (Willoughby et al.
2003). The latter is in reference to an increase in caspase-3 activation associated with
sarcoplasmic destruction, ultimately leading to apoptosis (Willoughby et al. 2003). As
previously mentioned, apoptosis is accomplished through the recruitment of signaling
pathways which include the pro-apoptotic mediators JNK and caspase-3 (Biral et al.
2000; Boppart et al. 1999; Thompson et al. 2003; Willoughby et al. 2003). Recall that
HSP70 serves as an inhibitor of JNK (Gabai et al. 1997; Volloch et al. 1998), making a
very compelling argument that HSP70 acts as an anti-apoptotic mediator.
Although investigators have not elucidated the underlying mechanisms
responsible for HSP70 induction, we do know that increases in HSP70 expression, priorto imposed stress, can mitigate the degree of damage posed to skeletal muscle (Maglara
et al. 2003; Miyabara et al. 2006; Nosaka et al. 2007; Touchberry et al. 2012). The
contention makes sense from a chaperoning perspective, as the presence of HSP70 in the
cytoplasm before a stress would allow for quicker regulation of damaged proteins caused
by a second incidence of cellular stress. For example, muscles (soleus and tibialis
anterior) subjected to cryolesioning showed decreased necrosis and preserved crosssectional area (histologically) in mice expressing HSP70 compared to non-treated
controls (Miyabara et al. 2006). Touchberry et al. showed the same effect in rats exposed
to heat stress prior to eccentric damage protocols (increased HSP72 and neonatal myosin
heavy chain [MHC] content post-exercise) (Touchberry et al. 2012). It is important to
note that this enhanced “protection” can also aid in the regeneration process, as shown by
the increases in neonatal MHC content (Touchberry et al. 2012). For instance, prior-heat
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stress to rat muscle provided faster muscular regeneration after exposure to cardiotoxin
(Kojima et al. 2007). Senf et al. also observed the importance of HSP70 in muscle
regeneration, as HSP70 ablated mice showed sustained muscle inflammation and
necrosis, calcium deposition and negligible fiber regeneration for weeks after initial
muscle damage (Senf et al. 2013). Further supporting this claim is evidence that HSPs
facilitate the regeneration of myofibers (in mice) subjected to crotoxin if pre-treated with
the known HSP inducer radicicol (Conte et al. 2008). Enhanced regeneration is thought to
occur through HSP70 modulated satellite cell proliferation and protein synthesis (Kojima
et al. 2007). These data provide a compelling argument that HSP70 serves as a critical
component in increased skeletal muscle proliferation and muscle damage attenuation.
The Repeated Bout Effect
Evidence shows that a repeated bout of identical or similar training load causes a
decrease in symptoms associated with damage, as compared to the original bout
(McHugh 2003). This phenomenon, known as the repeated bout effect (Nosaka and
Clarkson 1995), is well localized to the muscles going through eccentric contractions
(Connolly et al. 2002) and requires maximal effort to elicit a HSP response (Nosaka and
Newton 2002). Interestingly, this effect lasts anywhere from four weeks (Thompson et al.
2002) to six months after just one bout of eccentric exercise (Nosaka et al. 2001).
Although this protective phenomenon is well recognized in the literature, there is no clear
answer as to what actually causes the observed effects (McHugh et al. 1999).
One theory asserts that the induction of HSPs is primarily responsible for the
tissue protection observed after repeated bouts (Thompson et al. 2002). This theory stems
from evidence showing that there are increases in HSP70 and HSP27 after single bouts of
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eccentric loading exercises in humans (Feasson et al. 2002; Thompson et al. 2001;
Thompson et al. 2002). A study conducted by Thompson et al. measured HSP (HSP27
and HSP70) activity and known markers of eccentric damage (serum creatine kinase,
soreness, isometric maximal voluntary contraction force and relaxed arm angle) in
response to two equal bouts of eccentric biceps brachii damage (separated by 4 weeks)
(Thompson et al. 2002). The markers for damage were markedly different after the initial
bout as compared to pre-exercise controls (Thompson et al. 2002). Conversely, the
difference in damage markers following the second bout were much less drastic (as we
would expect) (Thompson et al. 2002). Interestingly, the degree of HSP response also
decreased in the second bout (Thompson et al. 2002). Controls and exercised subjects (in
the second bout group) exhibited lower basal HSP expression as well (Thompson et al.
2002). Therefore, the mitigation of muscle damage seen in the second bout of exercise
may be due to the adaptation of stress from the initial bout, not increased basal HSP
expression. In support of this claim, overexpression of HSP70 prevents muscle damage
from cryolesioning (in mouse models) (Miyabara et al. 2006) and toxin exposure (in rat
and cell culture models) (Kojima et al. 2007; Maglara et al. 2003). It is also important to
note that F-actin (damaged by eccentric exercise) (Komulainen et al. 1998) can be
stabilized by HSP70 in cell culture (Macejak and Luftig 1991). Despite a lack of clarity
on the exact roles of HSPs in the repeated bout effect, we do know that HSPs migrate to
aid in recovery after the initial bout of eccentric damage.
In order for the repeated bout effect to occur, HSPs must be well localized to
myofibrillar structures and translocated to the cytoskeletal fraction to aid in repair after
muscular damage. Small HSPs (HSP27 and αB-crystallin) are shown to localize in
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myofibrillar structures after eccentric exercise, specifically at the Z-disk and intermediate
(desmin) filaments (Koh and Escobedo 2004; Paulsen et al. 2009). In addition to
myofibrillar localization, HSP27 and HSP70 translocate from the cytosolic to the
cytoskeletal fraction in response to eccentric stress (Paulsen et al. 2009; Vissing et al.
2009). Interestingly, the intensity of the eccentric exercise protocol seems to play an
important role in the amount of HSP translocated to the cytoskeletal fraction (Paulsen et
al. 2009; Vissing et al. 2009). This intensity dependent translocation of HSPs may
provide insight into the adaptive benefits of many exercise programs.
Due to the progressive nature of most exercise programs, it is relevant to mention
that as the intensity of stress increases throughout a program, so does HSP70 expression
(Gjøvaag and Dahl 2006; Liu et al. 1999). This effect is especially true in conditions of
overreaching during exercise regimens, which is shown to elevate HSP70 levels in soleus
muscles (Zoppi and Macedo 2008). Thus, increased HSP expression and translocation in
response to increasingly intense bouts of exercise may aid in whole muscle adaptation.
This data further supports the notion that exercise intensity is the primary stimulus
responsible for HSP70 induction.
Fiber Type Specific Expression of HSP70 and HSP20
Numerous studies show a direct association between HSP isoform expression and
skeletal muscle fiber type. For example, Locke et al. (1991) found that in resting
(unstressed) muscle cells HSP72 is constitutively expressed in the predominantly type I
fiber soleus, but not in the predominantly type IIB fiber white gastrocnemius. Similarly,
Larkins et al. observed HSP25 and HSP72 content to be higher (~3 and ~4 times
respectively) in the primarily type 1 soleus, as compared to the primarily type 2 extensor
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digitorum longus (EDL) (Larkins et al. 2012). Therefore, in muscles comprised of mixed
fiber types HSP expression correlates to the proportion of type I fiber within the muscle
(Locke et al. 1991). Similar findings are seen in response to exercise. During bouts of
endurance exercise there is positive linear trend for HSP72 expression in the primarily
type I soleus, but a gradual decline in HSP72 expression in the primarily type IIB
extensor EDL (Hernando and Manso 1997). Interestingly, upon ceasing exercise there is
a greater acute rebound effect for HSP72 expression in the EDL, peaking at ~200%
(compared to ~150% in soleus) two hours post-exercise and rapidly declining thereafter;
whereas HSP72 expression steadily increased in the soleus for six hours post-exercise
(Hernando and Manso 1997). This enhanced HSP response is also shown chronically in
mice with muscular dystrophy, as they exhibit increased HSP27 content in the tibialis
anterior muscle (primarily type IIB fibers) compared to the soleus (Sakuma et al. 1998).
This potentiated rebound effect may be due to the low basal HSP content in type IIB
muscle fibers, rendering the tissue less equipped for any stress imposed. As mentioned
previously, the more stress imposed, the greater the stress response.
Now that we have established HSPs response in terms of stress adaptation, we
must consider the effects to HSP expression in disease states; specifically where stress
detection and response diminishes. For instance, in the case of diseases such as insulin
resistance and type 2 diabetes (T2D), HSP expression and function decline rapidly as the
disease progresses (Bruce et al. 2003; Kurucz et al. 2002). This rapid decline in HSP
response is catastrophic in terms of health and general well-being. Therefore, we must
investigate ways to restore adequate HSP response to attenuate and fight disease.

23

HSP70 Response to Insulin Resistance and Type 2 Diabetes
The homeostatic disruptions characteristic of insulin resistance, increased blood
glucose and lipid circulation, and T2D all cause a progressive decline in the body’s
ability to recognize and adapt to stress (Geiger and Gupte 2011). Unfortunately, this
decline in stress adaptation is accompanied by a residual decrease or blunting HSP
expression, specifically HSP72 and HSP25 (Bruce et al. 2003; Chung et al. 2008; Kurucz
et al. 2002; Najemnikova et al. 2007). As mentioned previously, the primary role of these
HSPs is to aid in stress adaption via cellular chaperoning activities. Therefore, it is not
farfetched to infer that this apparent decrease in the body’s ability to adapt to stress
inherent in metabolic derangement may be correlated to decreased HSP expression. For
example in subjects with T2D, HSP72 gene expression in skeletal muscle decreases to
levels that are commensurate to their corresponding degree of insulin resistance (Kurucz
et al. 2002). This inverse relationship between HSP72 expression and degree of insulin
resistance remains true for obesity-induced insulin resistance humans (Bruce et al. 2003;
Chung et al. 2008). Animal models paint the same picture, showing a similar decline in
HSP72 and HSP25 levels in older insulin resistant rats (Gupte et al. 2008). HSP blunting
is also noted in pharmacologically induced (streptozotocin) diabetic rats, as animals in
the diabetic groups synthesized less HSP72 in response to endurance exercise (Atalay et
al. 2004). All of this data lends credence to the hypothesis that basal HSP expression is
negatively correlated to the severity of insulin resistance in muscle tissue. Therefore,
many investigators aimed to elucidate the mechanism leading to the aforementioned
blunting of HSP72 and HSP25 expression associated with metabolic dysfunction.
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It has become widely accepted that obesity, insulin resistance, and T2D upregulate inflammatory signaling pathways (Lumeng and Saltiel 2011). Consequently, the
current explanation for obesity/IR-induced decreases in basal HSP expression in skeletal
muscle is the inflammatory inhibition of the primary HSP transcription factor, HSF-1
(Geiger and Gupte 2011). Under normal physiologic conditions, the direct binding of
HSPs to HSF-1 appears to be the primary method of returning the transcription factor to
its inactive monomeric state (Shi et al. 1998; Zou et al. 1998). Conversely, inflammatory
inhibition suppresses transcription by actively phosphorylating HSF-1 on its serine
residues via stress kinase activity, ultimately keeping HSF-1 in its monomeric state (Chu
et al. 1996; Dai et al. 2000; Kline and Morimoto 1997). The key stress kinases associated
with HSF-1 inactivation are MAPK family members such as glycogen synthase kinase 3
(GSK-3), extracellular regulated kinase (ERK), and JNK (Chu et al. 1996; Dai et al.
2000; Kline and Morimoto 1997). The conformational change to serine residues on HSF1 (due to stress kinase-induced phosphorylation), will keep the transcription factor
inactive until MAPK signaling subsides (Geiger and Gupte 2011). As mentioned
previously, the inactivity of HSF-1 will ultimately arrest HSP synthesis by preventing
trimerization and translocation to the nucleus for HSE binding (Sarge et al. 1993).
Therefore, it is proposed that one way to preclude or attenuate HSF-1 inactivation may be
to arrest MAPK signaling upstream, which will ultimately prevent MAPK family stress
kinase activation and HSF-1 serine phosphorylation (Geiger and Gupte 2011).
Interestingly, it seems that HSP activation via stress exposure may preclude downstream
stress kinase activation (Chung et al. 2008; Gabai et al. 1997; Gupte et al. 2009a; Gupte
et al. 2009b; Meriin et al. 1999; Mosser et al. 1997).
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Heat Shock Treatment Restores Insulin Sensitivity
In the late 1990’s, Hooper conducted the first study demonstrating that heat
treatment has a positive effect on fasting glucose levels in type 2 diabetics (Hooper
1999). In his study, patients with T2D were treated with heat therapy (hot tub exposure)
for 30 minutes a day, six days a week for three weeks (Hooper 1999). Without knowing
the mechanism behind the change, the treatment provided significant improvements in
both fasting plasma glucose and glycosylated hemoglobin levels (Hooper 1999). These
novel data opened up an entirely new avenue pertaining to the treatment of insulin
resistance and diabetes. Building on Hooper’s work, both Chung et al. (Chung et al.
2008) and Gupte et al. (Gupte et al. 2009a) provide clear evidence that heat treatment in
obesity-induced insulin resistant rats not only improves fasting glucose levels, but could
also entirely preclude the development of insulin resistance (Chung et al. 2008; Gupte et
al. 2009a). Both Chung et al. (Chung et al. 2008)and Gupte et al. (Gupte et al. 2009a)
independently found that heat treatment increased HSP expression; specifically that
HSP72 content was elevated in skeletal muscle within 24 h post-treatment. As was found
with the streptozotocin-induced diabetic (STZ) rats mentioned previously, the use of a
HFD in these rodent models was shown to blunt HSP expression in the heat treated
versus sham groups (Chung et al. 2008). Regardless of the blunting occurring as a result
of the HFD, the consistent heat treatments precluded the development of fatty tissue
buildup, glucose intolerance, and insulin resistance (Chung et al. 2008; Gupte et al.
2009a). The inhibition of fatty tissue development was shown by Gupte et al.,
demonstrating that epididymal fat pad weight was significantly lower in heat treated
groups versus sham controls (Gupte et al. 2009a). Controlling for both body mass and
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caloric intake, Gupte et al. suggest that differences seen in fat pad weight are indicative
of increased fatty acid oxidation within treatment groups (Gupte et al. 2009a). This
phenomenon has also been observed by others (Kokura et al. 2007) and is confirmed in
cell culture via L6 muscle cells (Gupte et al. 2009a). As increased fatty acid oxidation
and glycolysis are inherent responses to physical exertion, it is hypothesized that heat
treatment mimics the positive effects of exercise on energy demand, fuel utilization, and
GLUT4 expression (Kokura et al. 2007) in skeletal muscle (Gupte et al. 2009a).
Inflammatory Signaling and HSP Expression
It is widely accepted that obesity and insulin resistance are correlated with
elevated levels of fasting blood glucose (hyperglycemia) and blood lipids
(hyperlipidemia). This systemic increase in glucose and fat disrupts cellular homeostasis
by increasing oxidative stress via the formation of reactive oxygen species (ROS). The
increase in ROS becomes troublesome when an imbalance occurs between oxidative
stress and available antioxidants. Often times, this redox imbalance occurs as a result of
antioxidants not being ingested via dietary means, or with the concomitant decrease in
plasma antioxidants inherent to the progression of IR. Regardless of the cause, the
homeostatic redox imbalance between increased oxidative stress and diminished
antioxidant capacity leads to an increase in intracellular free radicals. Intracellular free
radicals trigger inflammatory signaling pathways, such as the nuclear factor kappa-lightchain-enhancer of activated B cells (NF- κB) and MAPK signaling cascades (Valko et al.
2007). Consequently, oxidative stress-induced inflammatory signaling from the p38,
JNK, GSK-3, inhibitor of nuclear factor κB (IKK/NF- κB), and other MAPK pathways
all have the ability to inactivate insulin receptor substrate 1 (IRS-1) via serine
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phosphorylation (similar to the inactivation of HSF-1) (Kyriakis and Avruch 1996).
Interestingly two of the primary inflammatory signaling pathways concerning insulin
resistance, JNK and IKKβ, are shown in the literature to be suppressed via HSP induction
(Geiger and Gupte 2011).
As mentioned previously, HSPs are known to exhibit anti-apoptotic functions in
response to stress. This is often thought to be an adaptive mechanism providing
cytoprotection and enhancing cell survival. Thus, HSPs can inhibit pro-apoptotic
inflammatory signaling (specifically in the MAPK and NF- κB pathways). For example,
HSP72 is capable of directly inhibiting JNK activation by inhibiting phosphorylation
(Meriin et al. 1999). This link between JNK inhibition and HSP72 expression is shown
well in cell culture, as heat shock pretreatment of NIH 3T3 fibroblasts attenuated
ultraviolet-induced JNK activity (Park et al. 2001). Further confirming these results,
cultures subjected to HSP72 antisense oligonucleotides (inhibiting HSP72 induction)
displayed no attenuation of JNK activation after similar heat treatments (Park et al.
2001). Gupte et al. found a similar trend in rats fed a HFD (Gupte et al. 2009a). They
demonstrated that obesity-induced JNK phosphorylation was suppressed by heat
treatment in both fast-twitch and slow-twitch muscles (Gupte et al. 2009a). Another study
from Gupte et al. showed that the same inhibition trend could be accomplished by means
other than heat treatment (Gupte et al. 2009b). For example, supplementation with the
antioxidant lipoic acid increased HSP72 expression in skeletal muscle, providing
concomitant decreases in JNK activation (Gupte et al. 2009b). Lastly, JNK inactivation
by HSP72 was also shown in HSP72+ transgenic mice, who did not exhibit increased
JNK activity (skeletal muscle) when fed a HFD (Chung et al. 2008). Although it is well
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documented that HSP72 has the ability to inhibit JNK activation, the underlying
mechanism of action has yet to be elucidated.
Similar to HSPs negative regulation of HSF-1, the binding of HSP72 to JNK
could be one possible mechanism of JNK repression (Geiger and Gupte 2011). This
repression may occur as a result of the protein binding’s capability to arrest JNK
activation by inhibiting JNK phosphorylation via SAPK/Erk kinase 1 (SEK1) and/or
MAP kinase 7 (MKK7) (Park et al. 2001). Consequently, Park et al. show that ectopic
expression of HSP72 decreases SEK1/MKK7 to JNK1 binding, thereby disrupting
SEK1/MKK7-catalyzed JNK phosphorylation in vivo (Park et al. 2001). HSP72 may also
affect JNK enzyme activity, as HSP binding may cause a conformational change
disrupting the enzyme-substrate interaction between JNK and c-Jun (Park et al. 2001).
Lastly, HSP72 may repress JNK activation further upstream by disrupting the preceding
inflammatory signaling in the MAPK pathway. This could occur via the proteasomal
degradation of dual leucine zipper-bearing kinase (DLK) by direct interaction with
HSP72 and its co-chaperone C terminus of HSC70-interacting protein (CHIP) ubiquitin
ligase (Daviau et al. 2006). Additionally, HSP72 may inhibit the repression of JNK
dephosphorylation, ultimately allowing upstream MAP kinase phosphatase 1 (MKP-1)
and MKP-3 to inactivate JNK (Meriin et al. 1999). Interestingly, a similar trend seems to
exist between HSP25 phosphorylation and IKKβ inhibition (Geiger and Gupte 2011).
As with HSP72-modulated JNK inactivation, little is known concerning the
underlying mechanism of HSP25’s ability to inhibit IKKβ’s activation of the NF- κB
pathway. The most current theory is that the binding, or interaction, of HSP25 with a
signaling intermediate inhibits IKKβ activation (Park et al. 2003). This inhibition of the
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IκB kinase complex formation (IKKα and IKKβ) causes a decrease in the
phosphorylation of NF- κB inhibitor, IκB, which ultimately suppresses the activation of
the NF- κB signaling pathway (Lee et al. 1998). Although uncertain, the relationship
between HSP25 phosphorylation and inhibited IKKβ activation has been shown in a
variety of studies. Interestingly, within these studies it seems that the level of IKKβ
inhibition is dependent on fiber type. For example, HFD-induced IKKβ activation in rats
was attenuated by increased HSP25 phosphorylation (due to heat treatment), in the fasttwitch EDL (Gupte et al. 2009a). Conversely, the slow twitch soleus from the same rats
showed no change in HSP25 phosphorylation or IKKβ activation following heat
treatment (Gupte et al. 2009a). These findings are consistent with those seen by Sakuma
et al. in rats with muscular dystrophy (Sakuma et al. 1998), and may suggest that IKKβ
does not play a pivotal role in the progression of IR in highly oxidative muscles such as
the soleus (Geiger and Gupte 2011). As skeletal muscle is the primary tissue involved in
systemic glucose disposal, determining the link between whole muscle oxidative capacity
and HSP-mediated IR preclusion is of upmost importance.
HSP Expression is Dependent on the Oxidative Capacity of the muscle fiber type
Numerous studies within the literature have established a direct correlation
between muscle fiber type/oxidative capacity and HSP expression (Gupte et al. 2008;
Gupte et al. 2009a; Locke et al. 1991). As mentioned previously, basal level HSP
expression is ~3-4 times higher in slow-twitch, more oxidative, muscles (such as the
soleus), versus fast-twitch glycolytic muscles (such as the EDL) (Larkins et al. 2012). In
addition to the noted variation in basal HSP expression, whole muscle oxidative capacity
also appears to have a direct association with stress kinase activation and insulin
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signaling in skeletal muscle. For instance, Gupte et al. found that the reduction in HSP
expression levels in fast-twitch skeletal muscle correlates with elevated stress kinase
activation in the same tissue (Gupte et al. 2008; Gupte et al. 2009a). Looking at the big
picture, decreased skeletal muscle HSP expression may allow for increased stress kinase
activation. In addition, decreases in skeletal muscle HSP expression are correlated with
deleterious health effects such as IR and T2D (Bruce et al. 2003; Kurucz et al. 2002).
Therefore, in order to decrease the ill effects of stress kinase activation and preclude the
development of IR, HSP expression must elevate through exposure to external stressors
(i.e. exercise) or potentiators (i.e. high dietary antioxidants), potentially providing cellular
protection and homeostatic maintenance.
Protective Effects of HSP70 on Mitochondrial Structure and Function
Another protective attribute of HSP expression is the maintenance of
mitochondrial energy balance. More specifically, HSP72 is implicated in playing a
critical role in mitochondrial biogenesis through its interaction with the trans-outer
membrane complex and concomitant import of proteins into the mitochondria (Bruce et
al. 2003; Hood 2001). For example, a study conducted by Young et al. shows that HSPs
aid in process of mitochondrial translocation of nuclear encoded proteins (Young et al.
2003). This is of crucial importance, as the mitochondria are an integral component of
cellular metabolism and energy regulation. As mitochondrial dysfunction is an inherent
component of obesity and IR (Kim et al. 2008; Lowell and Shulman 2005; Morino et al.
2006; Petersen et al. 2003), it is imperative to have protective mechanisms such as the
HSP-mediated maintenance of mitochondrial energy balance in place when cellular
metabolism begins to go awry. Such mitochondrial protection has been observed in HFD-
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induced insulin resistant rats. For instance, Gupte et al. demonstrated a restoration of
mitochondrial citrate synthase and cytochrome oxidase activity, correlated to HSP72 and
HSP25 upregulation, for both fast-twitch (EDL) and slow-twitch (soleus) muscles after
heat treatment (Gupte et al. 2009a). This is of great interest because despite the
differences in basal level HSP expression between fast-twitch (EDL) and slow-twitch
(soleus) muscles prior to treatment, the intervention was effective in generating
proportional HSP expression between the EDL and soleus muscles (Gupte et al. 2009a).
This suggests that there may be a larger HSP response in the fast-twitch muscles to
compensate for their low basal values of HSP content, ultimately generating similar
increases in mitochondrial enzyme activity in both fiber types (Gupte et al. 2009a).
Again, as the mitochondria are crucial for energy regulation and cellular metabolism,
HSP mediated increases in mitochondrial enzyme activity can aid in mitochondrial
energy homeostasis and play an integral role in the protection against the development of
IR.
Interestingly, a study conducted by Hancock et al. shows that rats fed a HFD have
increased PPARΔ activation, due to ample free fatty acid (FFA) supply, which ultimately
leads to increased PGC1-α expression and skeletal muscle mitochondria (Hancock et al.
2008). However, despite the increase in skeletal muscle mitochondria content, rats fed a
HFD can still develop IR. Therefore, a primary cause of IR in skeletal muscle may not be
the number of mitochondria, but rather the energy imbalance and mitochondrial
dysfunction associated with insulin resistant cells. For instance, increased FFA supply,
coupled with glucose transport inhibition, can drastically change substrate utilization
within the mitochondria (driving beta-oxidation vs glycolysis) and increase cellular
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oxidative stress. Consequently, a study by Koves et al. suggests that the burden of
increased FFA supply creates a bottleneck in FFA uptake into the mitochondria,
ultimately resulting in mitochondrial overload and incomplete fatty acid oxidation (Koves
et al. 2008). The incomplete fatty acid oxidation mentioned previously is the primary
cause of toxic beta-oxidation intermediate buildup, which may lead to proton leak and
oxidative stress (Koves et al. 2008). This process is often potentiated when ATP
requirements, or energy demand (i.e. exercise), are minimal and do not increase
downstream metabolic processes (i.e. the electron transport chain and citric acid cycle).
The aforementioned mitochondrial dysfunction will increase stress kinase activation, due
to redox imbalance and oxidative stress, and insulin resistance will follow closely behind.
Fortunately, a few things can be done to restore proper mitochondrial energy balance.
Exercise as a HSP-Mediated Treatment for Insulin Resistance and Diabetes
Exercise has a unique ability to restore mitochondrial energy balance, which may
halt any further development of insulin resistance. As exercise increases net ATP
demand, downstream mitochondrial metabolic processes, such as the electron transport
chain (ETC) and the citric acid cycle (TCA), increase metabolic flux to meet energy
demands. The concomitant increase in flux through the ETC and TCA associated with
exercise balances the mitochondrial overload placed on beta-oxidation, resulting in
complete fatty acid oxidation and a reduction in intermediate buildup. This balancing act
decreases oxidative stress and may change substrate utilization to glucose if the exercise
is glycolytic in nature. In addition to restoring mitochondrial energy balance, exercise is
known to increase HSP expression in skeletal muscle (Puntschart et al. 1996), which can
decrease stress kinase activation and restore insulin sensitivity (Geiger and Gupte 2011).
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Lastly, acute exercise is known to cause Glut-4 translocation to the cell membrane
independent of insulin signaling in patients with T2D (Kennedy et al. 1999). This
translocation allows for glucose uptake, and utilization, in insulin resistant skeletal
muscle. The combination of mitochondrial energy balance, enhanced HSP expression,
and increased glucose uptake/utilization in skeletal muscle make exercise an invaluable
treatment modality for obesity, insulin resistance, and T2D. While it is known that
exercise works well to treat obesity and its associated maladies, more studies need to be
done to further elucidate the underlying mechanisms of HSP mediated mitochondrial
modification in skeletal muscle and its relevance to the treatment of insulin resistance.
Dietary Intervention and HSP Expression
While consumption of a HFD, without concomitant increases in energy demand,
is shown to decrease basal HSP levels and increase stress kinase activation, little is
known about dietary interventions that may increase HSP expression independent of heat
or exercise. Gupte et al. began exploring this idea via supplemental antioxidant treatment
(lipoic acid) in rats fed a HFD (Gupte et al. 2009b). Lipoic acid supplementation
increased HSP72 expression and HSP25 activation in the soleus muscles of rats fed a
HFD (Gupte et al. 2009b). The increases in HSP72 and HSP25 were shown to inhibit
JNK and IKKβ signaling, as well as improve insulin signaling via phosphorylation of Akt
and activation of p38, MAPK, and AMP-activated protein kinase (Gupte et al. 2009b).
Similar effects are shown with glutamine supplementation, as treating islet cells
with10mM glutamine resulted in increased HSP70 content and glutathione expression,
effectively attenuating interleukin (IL)-1β-induced injury (Jang et al. 2008). Interestingly,
supplementation with the antioxidants vitamin C and vitamin E are shown to decrease
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basal level HSP72 in combination with exercise (Simar et al. 2012) and diurnal summer
temperatures (Jang et al. 2014). However, a study conducted by Chauhan et al. suggested
that vitamin E supplementation increased HSP70 content in sheep muscle, although the
findings were not statistically significant (Chauhan et al. 2014). In any case, the lower
levels of basal HSP expression, or lack of significant HSP induction, may be due to a
decrease in oxidative stress associated with supplemental vitamin C and vitamin E.
Although limited to a few studies, these data begin to question if a diet high in
antioxidants could cause changes in HSP expression independent of heat or exercise.
Thus, vegan style diets such as the religious based Daniel Fast, which are high in
antioxidants and low in saturated fat content, may offer a unique inquiry into dietmodulated HSP expression in skeletal muscle.
A brief query into scientific investigations regarding the effects of dietary
restriction on overall health will yield a vast amount of data pertaining to the positive
effects of caloric restriction on both rodent (Fok et al. 2013; Weindruch and Sohal 1997)
and human (Heilbronn et al. 2006; Larson-Meyer et al. 2006) models. While the term
“caloric restriction” is often ambiguous and broad in nature, recent studies regarding a
subcategory of caloric restriction based on macronutrient modification look promising.
More specifically, the Daniel Fast diet, characterized as vegan style diet high in plantbased carbohydrates and low in saturated fats, appears to significantly improve
cardiometabolic parameters such as white-blood cell count, blood urea nitrogen, total
cholesterol, low density lipoprotein cholesterol (LDL-C), high density lipoprotein
cholesterol (HDL-C), systolic blood pressure, and diastolic blood pressure in human
models (Bloomer et al. 2010).
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The Daniel Fast diet is a religious based diet originating from the Daniel 1:8-14
and Daniel 10:2-3 passages within Biblical text (Bloomer et al. 2011). The diet itself is
often represented as a 21-day period of abstinence from animal products, processed
foods, white flour products, additives, preservatives, caffeine, flavorings, alcohol, and
sweeteners (Bloomer et al. 2011). However, the diet does allow for ad libitum ingestion
of vegetables, nuts, seeds, whole grains, fruits, and oil (Bloomer et al. 2011).
Consequently, the macronutrient profile of the Daniel Fast differs from the standard WD
in that it contains little saturated fats, less protein, and more plant-based, low glycemic
index carbohydrates. In addition, the ingestion of more fruits and vegetables associated
with the Daniel Fast may increase micronutrient content and antioxidant capacity over a
standard WD. Therefore, it seems that the Daniel Fast diet may be an excellent starting
point to determine whether increased dietary antioxidants and macronutrient modification
can have an impact on skeletal muscle HSP expression. Since dietary modification is a
primary treatment modality of insulin resistance and diabetes, more studies should be
conducted exploring the relationship between diet and HSP expression.
Conclusions
Skeletal muscle is an extremely versatile tissue, especially in its unique ability to
adapt to a variety of stressors. Alterations of the intra and extracellular environment,
caused during moments of stress, have the potential to pose a variety of problems to cell
survival. Fortunately, there are mechanisms within the body that attenuate muscular
damage and facilitate regeneration if damage has occurred. This protective effect stems
from cellular stress mediators, known as HSPs, which are a critical component in cell
survival and whole muscle adaptation. HSPs provide a wide spectrum of molecular
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chaperoning activities associated with enhanced cell survival and function. It is important
to note that a variety of stressors including heat, radiation, oxidation, exercise and dietary
intervention have the potential to cause HSP induction.
Exercise, a primary physical and biochemical stress, well known to increase
insulin sensitivity, also increases HSP expression via the heat shock response. The heat
shock response adequately addresses the stress imposed by eccentric muscular damage
through cell proliferation and mediation of pro-apoptotic cell signaling. This protective
mechanism has a repeated bout effect, reducing the degree of damage imposed during
consecutive bouts of identical stress. While the underlying mechanisms responsible for
the induction of HSPs remain unclear, the data presented in this review makes it apparent
that they are a critical component in stress regulation.
Increases in plasma glucose content (characteristic of obesity) disrupts cellular
homeostasis by increasing oxidative stress, stress kinase signaling, lipid peroxidation, and
non-enzymatic glycosylation of end products (Geiger and Gupte 2011). This increase in
oxidative stress and stress kinase signaling is often associated with decreases in basal
HSP expression (Geiger and Gupte 2011). As HSP expression declines, deleterious health
effects rise in the form of glucose intolerance, fatty tissue development, and insulin
resistance. Interestingly, heat treatment is shown to restore glucose tolerance, prevent
fatty tissue genesis and attenuate the development insulin resistance via HSP-mediated
mechanisms. While this is an astounding finding, the literature is lacking evidence on the
role of other known HSP inducers (i.e. exercise and diet) in the treatment of obesity and
insulin resistance. As exercise and diet are the primary first-line of defense used by
clinicians to ameliorate obesity and insulin resistance, it is crucial to determine if HSPs
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are one of the mechanisms responsible for inducing positive treatment outcomes.
Research into the role of exercise and diet on HSP-mediated attenuation of insulin
resistance may provide the critical knowledge needed to establish novel therapeutic
targets for a variety of metabolic complications.
As more investigators become interested in HSP research, it is critical to establish
the basic science behind the direct cause for HSP induction and HSP down-regulation.
Without this information, many questions regarding the possible treatment options
associated with overexpression of HSPs may go unanswered. Once accessible,
investigators looking at the differences in HSP expression between healthy and diseased
individuals may have the keys needed to unlock new treatment options for those suffering
from muscle wasting (i.e. sarcopenia and aging), cardiovascular, metabolic, and renal
diseases. In the meantime, major gaps need to be filled in the literature pertaining to HSP
mediated treatments of obesity and insulin resistance, especially that of exercise and
dietary intervention.
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Abstract
Skeletal muscle HSP induction via heat treatment is known to attenuate the development
of IR. However, little is known regarding the effects of other inducers of HSP expression
such as exercise and dietary modification on IR. Therefore, we aimed to elucidate the
impact of chronic endurance exercise and dietary modification on HSP expression and IR
status. Male Long-Evans rats (N=28) were fed a WD or PD ad libitum for 12 weeks. Half
of the animals in each group were treated with exercise (Ex) (25m∙min-1 for 35 min∙day1, 3x/week). Both WD and WD+Ex groups developed IR (HOMA-IR>2). However, IR
was only significantly greater in the sedentary WD group (p<0.05). Gastrocnemius
samples from the PD+Ex and WD+Ex groups had significant elevations in HSP72
compared to sedentary controls (p<0.05). There was no change in HSP72 expression in
the soleus. In addition, no changes were observed for HSP60 and pHSP25 levels with
exercise treatment in either muscle group. Moreover, diet and IR status had no effect on
the expression of HSP72, HSP60 or pHSP25 in the sedentary groups. There was no
correlation between muscle HSP72 or HSP60 expression and HOMA-IR for both the
39

gastrocnemius and soleus (r2=0.0). A moderate correlation was observed between
pHSP25 and HOMA-IR in the soleus (r2=0.3), but not in the gastrocnemius (r2=0.0). In
conclusion, our data indicate that chronic endurance exercise induces a uniform increase
in HSP72 expression independent of IR. Therefore, exercise training may protect the HSP
response if treatment begins prior to the development of IR.
Introduction

IR and obesity are thought to be the underlying etiology of metabolic syndrome,
T2D and vascular disease. Both a high-fat diet (Koves et al. 2008; Storlien et al. 1986;
Turner et al. 2013) and inactivity (Dube et al. 2014; Hamburg et al. 2007; Mikus et al.
2012) are known to increase the risk of IR. As insulin-stimulated glucose uptake
primarily occurs within skeletal muscle (Ferrannini et al. 1985; Katz et al. 1983), many
investigations have focused on identifying the potential mechanisms that cause IR in
skeletal muscle. One proposed model suggests that a family of molecular chaperones,
known as HSPs, are key regulators of insulin sensitivity (Bruce et al. 2003; Chung et al.
2008; Drew et al. 2014; Gupte et al. 2009a; Gupte et al. 2009b; Gupte et al. 2011; Hooper
and Hooper 2009; Kurucz et al. 2002).
HSPs have a multitude of cellular functions that may protect against disruptions to
the insulin-signaling pathway. For example, HSPs are responsible for adapting cells to
stress, reducing inflammation, altering intracellular cell signaling, and protecting cells
from oxidative damage (Hartl and Hayer-Hartl 2002; Wang et al. 2012). Importantly, the
development of diabetes is shown to coincide with a decline in basal HSP expression
(Atalay et al. 2004; Bruce et al. 2003; Kurucz et al. 2002; Lappalainen et al. 2010;
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Najemnikova et al. 2007). Additionally, HSP knockout mice develop skeletal muscle IR
(Drew et al., 2014), while genetic or heat-induced HSP overexpression is shown to
restore glucose tolerance and attenuate the development of diet-induced IR (Chung et al.
2008; Gupte et al. 2009a; Kokura et al. 2007). Further, improvements in insulin signaling
and glucose uptake have been reported following treatment with heat shock factor-1
activator (Oksala et al. 2007), α-lipoic acid (Gupte et al. 2009b). While the direct
mechanism of HSP-mediated attenuation of IR remains unknown, HSP overexpression
via heat treatment and antioxidant supplementation appears to be beneficial in restoring
insulin sensitivity.
Interestingly, aerobic exercise is an effective activator of insulin signaling and
HSP expression. In fact, both single and chronic bouts of aerobic exercise have been
shown to induce HSP expression (Barone et al. 2016; Chen et al. 2013; Morton et al.
2006; Ogura et al. 2006; Zoppi and Macedo 2008) and improve insulin sensitivity (Da
Luz et al. 2011; Houmard et al. 2004; Marinho et al. 2012). While previous literature
shows that diabetes results in attenuated exercise-induced HSP expression in STZ rats
(Atalay et al. 2004), no study has investigated the effect of exercise training on HSP
expression in a model of diet-induced IR.
Therefore, the purpose of the current study was to elucidate the impact of chronic
exercise and dietary modification on basal HSP expression and IR in a rodent model. We
hypothesized that 12 weeks of ad libitum WD feeding would lead to IR, while ad libitum
feeding of a PD would maintain insulin sensitivity. In addition, we expected a reduction
in basal HSP expression for the groups that developed IR, and that IR would impair
chronic exercise-induced HSP expression in comparison to insulin sensitive models.
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Methods
Materials
Cell extraction buffer (CEB) and protease inhibitor cocktail (PI) were purchased
from Invitrogen (Carlsbad, CA). Phenylmethanesulphonylfluoride (PMSF), sodium
orthovandate (Na3VO4), and sodium fluoride (NaF) were purchased from Sigma Aldrich
(St. Louis, MO). Bradford protein assay reagent was purchased from Bio-Rad (Hercules,
CA). HSP72 primary antibody (ADI-SPA-810-F) was purchased from Enzo Life
Sciences (Farmingdale, NY). Phosphor-HSP27 (Ser82) (#2406), (#2442), and β-Tubulin
(#2146) primary antibodies, as well as Anti-rabbit IgG (#7074) HRP-conjugated
secondary antibodies, were purchased from Cell Signaling Technology (Danvers, MA).
Chemiluminescent agent was purchased from Millipore (Billerica, MA). The rat insulin
ELISA (80-INSRT-E01) and enzymatic glucose assay reagents were purchased from
Alpco (Salem, NH) and Thermo Fisher Scientific (Waltham, MA) respectively. All
remaining reagents were purchased from Fisher Scientific (Pittsburgh, PA).
Animals
Twenty-eight male Long-Evans rats (3-4 weeks old) were obtained from Harlan
Laboratories, Inc. (Indianapolis, IN). All animals were housed individually in standard
housing within a climate-controlled room (21°C) on a 12:12-h light-dark cycle (lights on
03:00 h). All housing and experimental procedures were in accordance with the 8th
edition of the Guide for the Care and Use of Laboratory Animals and were approved by
the Institutional Animal Care and Use Committee of The University of Memphis.
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Animal Diets
Standard chow diet (#1018) was obtained from Harlan (Indianapolis, IN). The
WD (#D12079B) and PD (#D13092801) were purchased in pellet form from Research
Diets, Inc. (New Brunswick, NJ). The WD diet was comparable to that of a standard
human Western Diet (17% protein [casein based], 43% carbohydrates [high glycemic
index/low fiber], and 40% fat [primarily saturated]), while the PD diet was comparable to
that of a standard human vegan diet (15% protein [soy based], 60% carbohydrate [low
glycemic index/high fiber], and 25% fat [primarily mono- and poly-unsaturated]). The
PD was designed to mimic the Daniel Fast diet, which is shown to have beneficial effects
on cardiometabolic parameters and antioxidant status in human subjects (Bloomer et al.
2011; Bloomer et al. 2010; Trepanowski et al. 2012). Specific nutrient composition for
the PD and WD diets can be found in Appendix 1.
Dietary Intervention
Animals were divided into PD (n=7), PD+Ex (n=7), WD (n=7), and WD+Ex
(n=7) groups. Upon group assignment, animals were fed ad libitum and given a gradual
two-week diet replacement transition period into their respective diets. Following the
dietary transition, animals were subjected to a 12-week intervention phase and fed ad
libitum.
Exercise Intervention
During the 2-week dietary transition period, animals in the exercise groups
(PD+Ex and WD+Ex) were familiarized with the treadmill (Exer-6M Treadmill,
Columbus Instruments, Columbus, OH), and exercised 3 days/week for 5 min at 15-20
m∙min-1. During the exercise intervention, these groups performed endurance exercise on
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a treadmill three days/week (Monday-Wednesday-Friday). During week 1, animals
trained at a speed of 20 m∙min-1 for 15 min∙day-1; during week 2, 25 m∙min-1 for 30
min∙day-1; and from weeks 3 -12, 25 m∙min-1 for 35 min∙day-1. Animals in the sedentary
groups (WD and DF) were placed on an unpowered treadmill three days/week (MondayWednesday-Friday) for five minutes, for the duration of the study.
Anthropometric Measurements
Daily body mass measurements were recorded using a Mettler Toledo PG2002-S
balance (Columbus, OH) equipped with dynamic weighing. Following the 12-week
intervention phase, all animals were subjected to a dual energy x-ray absorptiometry
(DXA) exam using a Hologic Discovery QDR series device (Hologic Inc., Bedford, MA).
Animals were anesthetized with isoflurane for the duration of the DXA examination (~10
min). DXA reliability was determined prior-to individual examinations, having a
threshold value set at <1.5% variance between preliminary scans. Two scans were
performed for each animal during the DXA examination period. If the variation between
scans was greater than 1.5% an additional scan was performed. Mean values were
calculated for lean body mass, fat mass, and percent body fat.
Blood Collection, Muscle Dissection, and Tissue Storage
At the conclusion of the study, animals were sacrificed by carbon dioxide
asphyxiation. Blood samples were collected immediately after death from the vena cava
in tubes containing ethylenediaminetetraacetic acid (EDTA). Tubes were centrifuged
immediately for 15 min at 1,500g (4°C) to obtain plasma. Plasma samples were aliquoted
into individual micro tubes and stored at -80°C until analysis. Upon analysis, samples
were thawed and analyzed for fasting glucose and insulin levels. The soleus muscles
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(SOL) and gastrocnemius muscles (GAST) were surgically removed, immediately frozen
in liquid nitrogen, and stored at -80°C until analysis.
Blood Glucose and Insulin
Plasma glucose and insulin were quantified in duplicate using commercially
available assay procedures. All procedures were performed as per the manufacturer’s
instructions and sample values were determined using a BioTek PowerWave Microplate
Spectrophotometer (Winooski, VT). The normal physiologic range for fasting plasma
glucose in Long-Evans rats is ~70-95 mg/dL (Mridha et al. 2010). Therefore, we deemed
hyperglycemia as a fasting plasma glucose value >150 mg/dL (Nauck et al. 2004). IR was
quantified using the homeostasis model assessment of insulin resistance (HOMA-IR)
(Matthews et al. 1985). The HOMA-IR was scaled to fit a rodent model and calculated as
(Plasma Glucose [mg/dL] × Plasma Insulin [µU/mL])/2,658 as described previously
(Cacho et al. 2008). Threshold values for IR were set at a HOMA-IR ≥ 2.This threshold
value of 2 corresponds with non-diabetic human subjects whose HOMA-IR values were
in the top 25th percentile (Hedblad et al. 2000).
Protein Extraction, Protein Quantification, and Western Blotting
GAST and SOL segments were cut on dry ice (50 mg pieces) and homogenized
in a 12:1 (volume/weight) CEB solution containing PI, 200mM PMSF, 200mM Na3VO4,
and 200mM NaF. Samples were put into individual micro tubes, placed on ice, and
homogenized in Kontes glass and then vortexed (every 10 min for 30 min). Samples were
then centrifuged for 10 min at 1,000 g. Total protein concentration was assessed using the
Bradford method (Bradford 1976). Samples were equilibrated to 8μg/μL in 5X Lane
Marking Reducing Sample Buffer and were heated at 95°C for 5 min. Samples (60
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μg/lane) were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE, 10% gel) (Laemmli 1970). Following SDS-PAGE, gels were cut into
multiple strips (based on protein size) to fit on the same polyvinylidene fluoride (PVDF)
membrane (Aksamitiene et al. 2007) and proteins were transferred for 90 min (250 mA).
Membranes were blocked with 5% non-fat dry milk (NFDM) in Tris-buffered saline0.1% Tween 20 (TBST) for 60 min. Samples were then incubated overnight at 4°C with
the appropriate primary antibodies (diluted 1:1,000 in 5% BSA-TBST). All blots were
washed and exposed to the appropriate HRP-conjugated secondary antibody (1:10,000 in
2% NFDM-TBST) for 90 min at room temperature. Protein bands were visualized with a
chemiluminescent agent and imaged using a Fotodyne® 60-7020 (FOTODYNE
Incorporated, Hartland, WI) bench top image and gel documentation system. All bands
were quantified via densitometry (AlphaEaseFC™, San Leandro, CA, USA). All bands
were quantified 5 times and mean values were analyzed. Mean values for all groups were
normalized to β-Tubulin. When necessary, blots were stripped with Restore™ Western
Blot Stripping Buffer (Thermo Fisher Scientific, Waltham, MA) for 30 min at 37°C,
blocked with 5% NFDM-TBST (60 min), and re-probed with the appropriate primary
antibody.
Statistical Analysis
All statistical procedures were performed using GraphPad Prism 6® software
(GraphPad Software Inc., La Jolla, CA). All data are presented as mean ± SEM.
Statistical significance was set at p ≤0.05. Mean blood markers of IR and HSP expression
were analyzed by two-way analysis of variance (ANOVA) and follow-up t-tests using the
modified Holm-Bonferroni method (Holm 1979). A Pearson product-moment correlation
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coefficient (r) was performed to determine if there was an association between
anthropometric data and HOMA-IR, as well as HSP expression and HOMA-IR.
Results
Twenty-seven male Long-Evans rats were used in the final data analyses, as one
animal in the WD+Ex group expired during the intervention phase. In addition, only 25
samples were analyzed for plasma insulin, as two additional samples in the PD group did
not have sufficient volume required for the assay.
Increased Fasting Plasma Glucose, and HOMA-IR in Animals Fed a WD
Significant main effects of diet and exercise on fasting plasma glucose were
observed after the 12-week intervention phase (p<0.05). Fasting plasma glucose was
significantly higher in the WD (+41.15%) and WD+Ex (+40.19%) groups as compared to
the PD and PD+Ex groups respectively (p<0.05, Fig. 1A). In addition, the WD group was
significantly different from the PD+Ex group (p<0.05, Fig. 1A). However, no changes
were noted between PD+Ex and PD, as well as between WD and WD+Ex (p>0.05, Fig.
1A). In addition, fasting plasma glucose values revealed that the WD and WD+Ex groups
developed hyperglycemia (182.50±18.27 mg/dL and 158.30±24.39 mg/dL respectively),
while the PD and PD+Ex did not develop hyperglycemia (129.00±22.86 mg/dL and
112.90±7.19 mg/dL respectively). There was no interaction between diet and exercise
when comparing fasting plasma glucose values. Elevated fasting plasma insulin for the
WD, WD+Ex, and PD+Ex groups was not significantly different when compared to the PD
group (p>0.05, Fig. 1B). It was determined that the PD and PD+Ex groups did not develop
IR (HOMA-IR<2), while the WD and WD+Ex developed IR (HOMA-IR>2, Fig. 1C). The
ANOVA on the HOMA-IR data revealed a significant main effect of diet on HOMA-IR
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scores (p<0.05). More specifically, we observed significant elevations in the degree of IR
in the WD group (+316.33%) over the PD group (p<0.05, Fig. 1C). Exercise did not
significantly affect HOMA-IR score as we did not detect any differences in HOMA-IR for
the WD+Ex when compared to WD, PD, or PD+Ex. Moreover, HOMA-IR scores in the
PD+Ex group were not different from PD (p>0.05). Finally, we observed no interaction
between diet and exercise when comparing HOMA-IR scores.
Body Mass and Fat Mass Were Associated with HOMA-IR
A significant main effect of diet on body mass was observed after the 12-week
intervention phase (p<0.05). More specifically, body mass was significantly higher in the
WD group compared to the PD group (p<0.05, Fig. 2A). We also found a significant main
effect of diet on fat mass (p<0.05), which was significantly elevated in the WD (+58.56%)
and WD+Ex (+55.95%) groups compared to PD and PD+Ex groups respectively (p<0.05,
Fig. 2B). PD+Ex did not differ from PD (p>0.05). Interestingly, lean mass remained
consistent between all groups (Fig. 2C). There was no interaction between diet and exercise
when comparing anthropometric measures. Body mass, fat mass, and lean mass were
positively correlated to HOMA-IR (r2=0.71, r2=0.49, and r2=0.14 respectively, Fig. 3A-C
respectively).
Chronic exercise induces HSP72 Expression in the GAST, but not in the SOL
A significant main effect of exercise on HSP72 expression was observed in the
GAST (p<0.05). More specifically, HSP72 expression was significantly higher in the
PD+Ex (+95.78%) and WD+Ex (+93.84%) groups compared to PD and WD respectively
(p<0.05, Fig. 4A). However, exercise did not affect HSP60 and pHSP25 expression in the
GAST (p>0.05, Fig. 4B and 4C). In addition, diet did not affect HSP expression in the
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GAST as the WD groups were not significantly different from the PD groups in all
comparisons (p>0.05, Fig. 4). We did not observe an interaction between diet and exercise
when comparing HSP expression levels in the GAST. There was no association between
HSP72, HSP60, or pHSP25 expression and HOMA-IR in the GAST (r2=0.00, r2=0.03,
and r2=0.02, Fig. 5A-C respectively).
Exercise did not affect HSP expression in the SOL as there were no changes in
HSP72, HSP60 or pHSP25 expression in the PD+Ex and WD+Ex groups when compared
to the PD and WD groups respectively (p>0.05, Fig. 6). Additionally, diet did not affect
HSP expression in the SOL as the WD groups were not significantly different from PD
groups in all comparisons (p>0.05, Fig. 6). Moreover, there was no interaction between
diet and exercise when comparing HSP expression levels in the SOL. There was no
association between HSP72 and HSP60 expression and HOMA-IR in the SOL (r2=0.02
and r2=0.00 respectively, Fig. 7A-B). However, there was a moderate positive association
between pHSP25 expression and HOMA-IR within the SOL (r2=0.32, Fig. 7C).
Discussion
Two of the primary risk factors associated with the development of metabolic
syndrome are IR and obesity. These risk factors are often potentiated by nutrient overload
via WD feeding (Koves et al. 2008; Turner et al. 2013) and inactivity (Dube et al. 2014;
Hamburg et al. 2007; Mikus et al. 2012). Therefore, dietary modification and physical
activity are two potent treatment modalities to maintain or restore insulin signaling in
obese models (Barnard et al. 2006; Goodpaster et al. 2003; Ross et al. 2000; Tonstad et
al. 2009). Overexpression of skeletal muscle HSPs via heat treatment is shown to
mitigate the development of IR in obese models via restoration of insulin signaling
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pathways (Chung et al. 2008; Gupte et al. 2009a; Gupte et al. 2011; Kokura et al. 2007).
While the insulin sensitizing effects of heat treatment-induced HSP expression are well
characterized, few studies have investigated other inducers of HSP expression such as
dietary modification (Gupte et al. 2009b) and exercise (Atalay et al. 2004; Lappalainen et
al. 2010). Moreover, no study to our knowledge has investigated the effects of dietinduced IR on the HSP response to exercise. Therefore, the aim of the current study was
to elucidate the impact of chronic exercise and dietary modification on basal skeletal
muscle HSP expression and IR in a rodent model.
Effects of Macronutrient Modification and Exercise on HOMA-IR
As expected, we found that 12 weeks of ad libitum WD feeding caused
hyperglycemia and IR independent of exercise assignment (WD and WD+Ex plasma
glucose >150 mg/dL and HOMA-IR>2). Despite developing IR (HOMA-IR>2), the
HOMA-IR value for WD+Ex group was not statistically different from that of the PD
group, suggesting that exercise attenuates the degree of diet-induced IR. This finding
agrees with the contention that physical activity plays a role in attenuating IR or restoring
insulin sensitivity within obese models (Larson-Meyer et al. 2006; Ross et al. 2000;
Snowling and Hopkins 2006). Interestingly, ad libitum PD feeding did not elicit any
significant changes in plasma glucose, plasma insulin, or HOMA-IR values between
sedentary and exercise groups. Moreover, both sedentary and exercise treated animals
within the PD groups did not develop IR over the 12-week intervention period. This
difference on the effect of diet on HOMA-IR is likely a result of macronutrient content
for the PD (15% protein, 60% carbohydrate, and 25% fat) compared to the WD (17%
protein, 43% carbohydrate, and 40% fat). In addition, the vegan-style PD contained soy
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protein (compared to casein protein in the WD), elevated dietary fiber content (1% versus
0% in the WD), low glycemic index carbohydrates (versus high glycemic index
carbohydrates in the WD), and minimal fat content in the form of mono- and polyunsaturated fats (versus high saturated fat content in the WD). Thus, our data builds on
the work of others suggesting that a vegan low fat diet may prevent or slow the
progression towards IR and T2D (Barnard et al. 2005; Barnard et al. 2006; Tonstad et al.
2009).
Effects of Macronutrient Modification and Exercise on Anthropometric Measures
In addition to the WD resulting in IR regardless of training status, WD feeding
also yielded significant changes in body composition measures. Anthropometric data
revealed significant elevations in body mass for the WD group. Furthermore, fat mass
increased for both the WD and the WD+Ex groups. Thus, exercise attenuated total body
weight gain due to WD feeding, but did not sufficiently preclude WD-induced elevations
in fat mass. Both body mass and fat mass were largely associated with IR status. These
observations agree with human subject data showing significant associations between
body mass index and HOMA-IR in patients with newly diagnosed T2D (Chung et al.
2012). In addition to body mass and fat mass, lean mass was measured due to its
important role in maintaining insulin sensitivity (Camporez et al. 2016). Interestingly,
there were no significant differences in lean mass between all groups, suggesting that
macronutrient modification and chronic endurance exercise did not affect muscular
development over the 12-week intervention period. There was a poor association between
HOMA-IR and lean mass, which was likely a residual effect of the larger association
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between total body mass and HOMA-IR. Therefore, our data suggest that there was a
direct relationship between IR and the additional fat mass incurred via WD feeding.
Effects of Chronic Endurance Exercise on Basal HSP Expression
After establishing the WD groups had developed IR, we then investigated the
impact IR could have on chronic exercise-induced HSP expression. In order to
investigate the possible interaction between HSP expression and the degree of IR, we first
determined if chronic exercise increased HSP72, HSP60, and pHSP25 expression within
the GAST and SOL muscles. We chose to examine HSP72, HSP60, and pHSP25 based
on their relation to IR. More specifically, HSP72 knockouts (null allele of
Hspa1a/Hspa1b genes) develop skeletal muscle IR and mitochondrial deformation (Drew
et al. 2014), whereas HSP72 overexpression attenuates the development of IR by
reducing pro-inflammatory signaling via c-Jun N-terminal kinase inhibition (Chung et al.
2008; Gupte et al. 2009a; Gupte et al. 2009b; Gupte et al. 2011; Kokura et al. 2007). In
contrast, elevations in HSP60 content, which are regulated in part by leptin (Bonior et al.
2006), cause pro-inflammatory signaling during states of obesity and T2D (Gülden et al.
2008; Marker et al. 2012). Finally, elevations in pHSP25 epxression are associated with a
reduction in pro-inflammatory κB kinase-β activation and subsequent preclusion of IR
(Gupte et al. 2009b). Thus, all of these HSPs appear to play a critical role in maintaining
the insulin signaling pathway and are modulated during states of obesity, IR, and
diabetes. In addition, HSP72, HSP60, HSP25, and pHSP25 synthesis are stimluated by
exercise (i.e. chronic endurance training and functional overload) (Barone et al. 2016;
Chen et al. 2013; Huey 2006; Morton et al. 2008; Ogata et al. 2009; Ogura et al. 2006;
Zoppi and Macedo 2008).
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Consistent with previous literature, we observed elevations in basal HSP72
expression (72 h after last bout of exercise) due to chronic endurance exercise (Chen et
al. 2013; Ogura et al. 2006; Zoppi and Macedo 2008). While these elevations were
significant in the GAST, changes in the SOL were less pronounced (non-significant),
which is likely due to high resting levels of HSP72 in oxidative type I muscle fibers
(Locke et al. 1991; Locke and Tanguay 1996). Surprisingly, there were no significant
changes in basal HSP60 and pHSP25 expression (72 h after last bout of exercise) in the
exercise treated groups (PD+Ex and WD+Ex) for both the SOL and GAST. This finding
agrees with other rodent model studies investigating de-training effects, where significant
elevations in resting plantaris HSP72 expression (48 h – 672 h after last bout of exercise)
were observed following 8 weeks of endurance training, but resting HSP60 and HSP25
(48 h – 672 h after last bout of exercise) remained unchanged compared to sedentary
controls (Ogata et al. 2009). However, others show elevations in HSP60 expression (48 h
after last bout of exercise) after 6 weeks of training in a fiber-type dependent manner
(greater HSP60 expression in muscles primarily composed of type I fibers) (Barone et al.
2016). These differences may be due to variations in the fiber type composition of the
muscles analyzed (plantaris versus SOL) or training intensity and modality. For instance,
Ogata et al. (2009) increased intensity from 15–40 m∙min-1 and 5–7° grade exercising
rodents for 5 min × 4 with a 2 min pause between sets on treadmill 5x/week for 8 weeks,
and analyzed the predominantly type II muscle fiber plantaris. Conversely, Barone et al.
(2016) increased duration from 15-60 min and intensity from 3.2– 4.8 m∙min-1 on rotarod 5x/week for 6 weeks, and analyzed the predominantly type I fiber SOL. These
findings, in conjunction with our own, suggest that exercise acclimation (aerobic exercise
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≥8 weeks) may attenuate the HSP60 response to exercise. Additionally, HSP60
expression may occur in an intensity- and fiber type-dependent manner.
HSP Expression and IR
As chronic endurance exercise yielded higher basal HSP72 expression, we aimed
to elucidate any interaction between diet/IR status and basal HSP expression in the
sedentary versus exercise groups. Contrary to our hypothesis, we did not observe a
reduction in basal HSP expression in response to WD-induced IR for the sedentary
groups. In fact, diet and IR did not have a direct impact on HSP expression for any group
in both the GAST and SOL. Furthermore, our hypothesis that WD-induced IR would
impair the HSP response to exercise was rejected as there were no apparent differences in
basal HSP expression between exercise treated animals that developed IR or maintained
insulin sensitivity. These findings are contradictory to previous literature suggesting that
diet- and STZ causes a reduction in basal HSP expression, as well as a blunting of the
HSP response to heat treatment and exercise (Atalay et al. 2004; Bruce et al. 2003;
Chung et al. 2008; Kurucz et al. 2002; Lappalainen et al. 2010). However, this topic
appears to be an area of contention within the literature. For instance, while Chung et al.
(2008) observed significant reductions in basal HSP72 expression within the skeletal
muscle of obese humans with IR, others using obese rodent models did not observe any
significant changes in basal skeletal muslce HSP72 or pHSP25 expression (Gupte et al.
2009a; Gupte et al. 2009b). Moreover, Najemnikova et al. (2007) also did not observe a
reduction in basal HSP72 or HSP25 expression within 30 days of STZ in a rodent model.
As for the HSP response, Najemnikova et al. (2007) reported an impaired response for
only HSP25 to heat treatment in STZ models, whereas HSP72 reponse was unaffected.
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Interestingly, Atalay et al. (2004) observed impaired HSP72 response to exercise in STZ
models, however their models were diabetic prior to beginning the exercise intervention.
Finally, Gupte et al. (2009) did not observe a blunting in the HSP response to lipoic acid
supplementation for high-fat fed rodents (12 weeks) in comparison to standard chow
controls. It is important to note that the previous study employed daily lipoic acid
injections throughout the duration of the study (Gupte et al. 2009b), which may have
provided a protective effect on the HSP response. These findings, in conjunction with our
data, suggest that preemptive HSP induction via chronic exercise may protect the HSP
response if treatment begins prior IR development.
In contrast to previous literature suggesting that HSP expression attenuates IR
(Chung et al. 2008; Gupte et al. 2009a; Gupte et al. 2011; Kokura et al. 2007), we did not
observe any association between the degree of IR and chronic exercise-induced HSP72
expression. However, we did find that exercise attenuated HOMA-IR score for the
WD+Ex group. The lack of a direct association between the noted non-significant
reduction in HOMA-IR and HSP expression may be due to the length of the intervention
period (12 weeks) in our study. For instance, Chung et al. (2008) only observed HSPmediated reductions in HOMA-IR after 16 weeks of high-fat feeding. This finding aligns
well with previous literature suggesting that IR development precedes mitochondrial
dysfunction in the skeletal muscle of rodents fed a HFD (Bonnard et al. 2008). More
specifically, it took 16 weeks of high-fat feeding to observe mitochondrial dysfunction in
skeletal muscle, which was accompanied by metabolic changes indicative of T2D
(Bonnard et al. 2008). Furthermore, the temporal effect of IR progression and HSP
dysfunction is further exemplified by the aforementioned lack of signicant reductions in
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basal HSP72 and HSP25 observed in rodents fed a high-fat diet for 6-12 weeks (Gupte et
al. 2009a; Gupte et al. 2009b). Therefore, changes in basal HSP expression and the HSPmediated reduction in markers of IR may only occur during later stages of IR (≥16 weeks
of high-fat feeding) and diabetic states.
Finally, a two-year dietary and exercise intervention study in middle-aged humans
with impaired glucose tolerance showed significant increases in skeletal muscle HSP60
expression and glucose-regulated protein-75 (vastus lateralis), with concomitant
reductions in plasma glucose and hemoglobin A1c (Venojärvi et al. 2008). Despite these
changes, the study only found a significant reduction in HOMA-IR values for subjects
with a muscle myosin heavy chain II (MHCII) fiber content of greater than 55%
compared to those with less than 55% (Venojärvi et al. 2008). In addition, Venojärvi et
al. (2008) found no differences in basal HSP72 and HSP90 expression, and were not able
to establish a direct association between increased HSP60 expression and enhanced
glucose metabolism. These findings, in conjunction with our own and others, suggest that
while an increase in HSP60 may aid in the improvement of mitochondrial function,
HSP72 and muscle fiber type may play a greater role in whole body IR. While HSP72
and HSP60 were not correlated with HOMA-IR, pHSP25 displayed a moderate
correlation with IR status.
Interestingly, we found a moderate association between pHSP25 expression and
IR in the SOL. However, this relationship was not observed in the GAST. Therefore, our
findings indicate that HSP25 phosphorylation increases with the degree of IR in a fibertype dependent manner. While the direct effects of HSP25 phosphorylation have yet to be
characterized in skeletal muscle, future studies should investigate the role of Type 1 fiber
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pHSP25 expression in the progression of IR. It is important to note that all correlation
data remained the same when r values were calculated for diet groups separately.
Conclusion
In summary, our findings suggest that ad libitum feeding of a WD induces IR in
animals regardless of exercise status. The development of IR does not exhibit any
significant effect on basal skeletal muscle HSP expression in sedentary or exercise treated
animals. This suggests that HSP content may not be negatively affected in the prediabetic state, and that preemptive exercise treatment may protect the HSP response
during IR. Finally, chronic exercise-induced HSP expression does not appear to elicit a
significant effect on IR status. The novel and conflicting findings presented here
highlight the need for further investigations into the function HSPs in mediating IR.
Future investigations should aim to delineate the differences in HSP expression between
early stage IR and T2D. This could be accomplished by investigating the temporal
flucuation of HSP expression and stress kinase activation throughout the progression
from IR to T2D. To our knowledge, we are the first to provide evidence that exercise in
conjunction with diet-induced IR may preserve the HSP response. Therefore, future
research should focus on delineating the direct mechanisms behind the exercise-mediated
modulation of HSP expression in IR and T2D models. Insight into these mechanisms may
aid in the devlopment of novel therapeutic agents to combat metabolic disease in humans.
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Figures

Figure 1 – 12-week ad libitum feeding of Western diet induces markers of insulin
resistance. A: Plasma glucose levels were unaffected in animals consuming the purified
diet; however, animals consuming the Western diet had elevated levels of glucose B:
Plasma insulin did not change significantly across the assigned groups. C: A Western diet
induced a significant increase in the HOMA-IR, which was attenuated with exercise.
Data are shown as mean + SEM (n=5-7 samples/group, * indicates p<0.05).

Figure 2 - Western diet increases body mass and fat mass. A: Ad libitum Western diet
feeding caused significant increases in body mass for sedentary animals. B: fat mass
increased substantially in WD fed animals, and exercise was not able to significantly
reduce the accumulation of fat mass. C: lean mass was not affected by diet or exercise.
Data are shown as means + SEM (n=6-7 samples/group, * indicates p<0.05).
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Figure 3 - Body mass, fat mass, and lean mass were associated with diet-induced IR. A:
There was a large association between body mass and HOMA-IR. B: there was a
moderate association between fat mass and HOMA-IR. C: there was a weak association
between lean mass and HOMA-IR. Data are reported as linear regression line and r2
(n=5-7 samples/group).

Figure 4 - HSP72 expression in GAST was increased by exercise, but unaffected by diet.
A: HSP72 expression increased within groups as a result of exercise; however, there were
no differences in expression between dietary interventions. B: HSP60 expression was not
effected by diet or exercise intervention. C: pHSP25/HSP25 expression was not effected
by diet or exercise. Data are shown as mean + SEM (n=6-7 samples/group, * indicates
p<0.05).

59

Figure 5 - HSP expression in the GAST muscle was not associated with HOMA-IR.
Pearson product-moment coefficients (r) were calculated for all animals. There was no
association between HOMA-IR and basal HSP72 (A), HSP60 (B), or pHSP25 (C)
expression. Data are reported as linear regression line and r2 (n=5-7 animals/group).

Figure 6 - HSP expression in SOL was not increased by exercise, and was unaffected by
diet. A: HSP72 expression was expression was not effected by diet or exercise. B: HSP60
expression was not effected by diet or exercise intervention. C: pHSP25/HSP25
expression was not effected by diet or exercise. Data are shown as means + SEM (n=6-7
samples/group, * indicates p<0.05).
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Figure 7 - HSP expression in the SOL muscle was not associated with HOMA-IR.
Pearson product-moment coefficients (r) were calculated for all animals. There was no
association between HOMA-IR and basal HSP72 (A), HSP60 (B), or pHSP25 (C)
expression. Data are reported as linear regression line and r2 (n=5-7 animals/group).
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Chapter IV
Conclusions
In summary, our data indicate that the development of diet-induced IR precedes
the impairment of basal HSP expression in sedentary and trained rodents. In addition,
HSP72 expression elevates in response to exercise independent of diet and IR status.
Finally, chronic aerobic exercise appears to attenuate the development of IR. Therefore,
our data suggests that preemptive aerobic exercise can attenuate metabolic dysfunction
and preserve the HSP response during early stage IR. The novel developments presented
in this thesis highlight the need for more research pertaining to the association between
HSP expression and IR. Future investigations should focus on delineating the
mechanisms behind HSP induction, as well as the role of HSPs in maintaining or
restoring the insulin signaling pathway. Insights into these mechanisms can aid in the
development of novel treatment options to combat metabolic complications in humans.
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APPENDICES
Appendix A: Specific Nutrient Composition for Dietary Intervention
Table 2 - Specific nutrient composition for the Western diet and Purified Vegan Diet
Nutrient
Western Diet
Purified Vegan
Diet
gm%
kcal%
gm%
kcal%
Protein
20
17
15
15
Carbohydrate
50
43
58
59
Fat
21
40
11
25
Fiber
5
0
13
1
Total
100
100
kcal/gm
4.7
3.9
Casein
195
780
0
0
Soy Protein
0
0
170
680
DL-Methionine
3
12
3
12
Corn Starch
50
200
0
0
Corn Starch-Hi Maize 260
0
0
533.5
2134
(70 % Amylose and 30% Amylopectin)
Maltodextrin 10
100
400
150
600
Sucrose
341
1364
0
0
Cellulose, BW200
50
0
100
0
Inulin
0
0
50
50
Milk Fat, Anhydrous
200
1800
0
0
Corn Oil
10
90
0
0
Flaxseed Oil
0
0
130
1170
Ethoxyquin
0.04
0
0.04
0
Mineral Mix S1001
35
0
35
0
Calcium Carbonate
4
0
4
0
Vitamin Mix V1001
10
40
10
40
Choline Carbonate
2
0
2
0
Ascorbic Acid Phosphate, 33% active
0
0
.41
0
Cholesterol
1.5
0
0
0
Total
1001.54 4686
1187.95 4686
Saturated g/kg
122.6
7.8
Monunsaturated g/kg
60.2
19.7
Polyunsaturated g/kg
13.5
77.7
Cholesterol mg/kg
2048
0
Saturated % Fat
62.4
7.4
Monunsaturated %Fat
30.7
18.7
Polyunsaturated %Fat
6.9
73.9
Ascorbic Acid mg/kg
0
114
(Schriefer 2014)
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